For exposure and risk assessment in occupational settings involving engineered nanomaterials (ENMs), it is important to understand the mechanisms of release and how they are influenced by the ENM, the matrix material, and process characteristics. This review summarizes studies providing ENM release information in occupational settings, during different industrial activities and using various nanomaterials. It also assesses the contextual information -such as the amounts of materials handled, protective measures, and measurement strategies -to understand which release scenarios can result in exposure. High-energy processes such as synthesis, spraying, and machining were associated with the release of large numbers of predominantly small-sized particles. Low-energy processes, including laboratory handling, cleaning, and industrial bagging activities, usually resulted in slight or moderate releases of relatively large agglomerates. The present analysis suggests that process-based release potential can be ranked, thus helping to prioritize release assessments, which is useful for tiered exposure assessment approaches and for guiding the implementation of workplace safety strategies. The contextual information provided in the literature was often insufficient to directly link release to exposure. The studies that did allow an analysis suggested that significant worker exposure might mainly occur when engineering safeguards and personal protection strategies were not carried out as recommended.
Introduction
Engineered nanomaterials (ENMs) possess different physical and chemical properties than their bulk counterparts and, because of this, are used in manufacturing processes for a variety of applications [1] . However, during their production and use, ENMs may be released into the workplace, resulting in workers' exposure. Understanding release is important for accurately describing the exposure scenarios that are helpful for risk assessment and management [2] , which are required under regulatory schemes such as REACH in the EU [3] .
Release can be referred to as the detachment of nanomaterials from a body of powder, a suspension, or a solid matrix [4] . This can be expressed as a rate describing the amount of material released per unit of time. In workplaces, the release of ENMs can occur throughout their entire lifecycle -manufacturing, use, and recycling. Release mechanisms depend on the physical state of the material (powder, suspension, or solid) and the amount of energy introduced by specific processes. For powders, environmental humidity and the moisture content of the raw powder have a significant influence on the release level, as suggested by dustiness studies [5] . Liquid suspensions containing ENMs can release nanoparticles from the solution's surface when external energies are applied, such as stirring [6] , sonication [6, 7] , centrifuging, [8] or spraying [6, 9] . The release rate from liquids depends on factors such as the ENM concentration and its solubility in the solution. Release from solid matrices is mainly caused by the mechanical treatment of nanocomposites, including drilling, sawing, and sanding [10] [11] [12] . Parameters such as the ENM's concentration and distribution within the composite matrix and the process conditions (e.g., treatment type, temperature, or relative humidity), as well as ageing processes such as weathering [13] , play important roles in release rates and forms (e.g, agglomerate, individual particle, mixture of ENM and matrix material).
To prevent or reduce ENM releases, it is important to understand the determinants of release related to nanomaterials, the matrix in which they are embedded (if at all), and the process and/or activity involved. Tsai et al. [14] reported that handling 100 g of nano-alumina powder resulted in a much higher released particle concentration than handling 15 g. High-energy processes, such as pouring, generate more particles than less vigorous processes, such as transferring. Johnson et al. [7] found that the sonication of functionalized multi-walled carbon nanotubes (MWCNTs) in reconstituted water containing natural organic matter resulted in particle concentrations three times higher than sonicating raw MWCNTs in the same medium.
Material that was detached (i.e., released) from a powder body, a liquid, or a solid matrix can be emitted depending on the process specifications and on-site control measures in place. Figure 1 depicts a typical occupational setting from which ENMs could be released, emitted, and transported, resulting in exposure to workers. If the release rate cannot be directly calculated from a predefined release mechanism, it may still be possible to estimate it from the information on source concentrations, near-field volume flow rates, and the release start point and duration. Some of the released particles might be captured by engineering controls (e.g., ventilation or enclosure); the escaped portion, which subsequently disperses into working environments, is called emission. Transmission describes the process during which emitted aerosols are transported to the immediate receptors, which then results in exposure.
Amongst the metrics used to characterize the release of nanomaterials, particle number and mass concentration are the two most widely used parameters for airborne ENMs in occupational settings [15] , possibly due to the availability of sampling equipment and mature sampling procedures. Such data allow the creation of rankings for the release potential of common industrial processes and the study of how release is influenced by factors such as the quantity of material needed, how it is treated, the energy levels associated, and variable human factors. In addition to the characterization of the ENMs released, such as that provided by ISO [16] , a comprehensive exposure assessment should also include the necessary contextual information. Clark et al. [2] pointed out that the level of relevant detailed information in the existing literature on exposure is often insufficient for an in-depth understanding of the situation being studied. Parameters such as ventilation type, the personal protective equipment (PPE) used, sampling locations, frequency and duration of worker activity, and personal sampling data are often not fully described. This information is critical to transform upstream release data into downstream exposure estimates. Only sufficiently detailed meta-data will allow the development of exposure scenarios that are valid for risk assessment purposes and that can be used for establishing health and safety strategies. This paper reviews the information on ENM release and exposure in the scientific literature and assesses how they inform us about the related human exposure in workplaces. The availability of the contextual information needed for exposure and risk assessment was assessed to identify potential gaps in data collection and reporting. The characteristics of released ENMs-including number concentration, mean size, and morphology-were compared for different processes involved in order to facilitate a general grouping and ranking of release potential. Measurement strategies, such as the equipment types and sampling locations used in field studies, were evaluated to give a better understanding of release and exposure data. Furthermore, production capacities and amounts handled were compared across different activities and materials in order to identify processes with a possibility of high occupational exposure. Finally, the types and efficiencies of engineering controls were summarized in order to describe the overall level of protection for workers in nanotechnology workplaces.
Method
We conducted a systematic review of scientific publications describing real-world measurements of airborne ENM release and exposure in industry and research laboratories. The goal was to cover a wide range of relevant studies on this topic and describe the current information and knowledge about ENM release in workplaces.
The studies examined were collected from multiple literature sources. As a first step, 26 publications were identified in the NANEX database. The NANEX project's goal was to build a comprehensive library of occupational exposure scenarios for ENMs throughout their entire lifecycle [17] ; it includes scientific literature and large surveys which generally contain descriptions of the material, the processes and activities, release levels of airborne nanoparticles, and subsequent exposure estimates under specific environments. The literature covered scenarios related to the production of ENMs at a research-scale, as well as in industrial settings and downstream uses. The information available was a very good fit with the context of our review. Thus, the list of literature in the NANEX database was used to target relevant publications. Another identified comprehensive library on types of nanomaterials and nanoobjects used in various industrial processes was the R-Nano platform [18] .
In a second step, we searched public online databases such as PUBMED and ScienceDirect. Keywords were chosen by analyzing the frequency with which they appeared in the titles of the selected NANEX publications. The most common words were release, exposure, workplace(s), airborne, nanoparticle(s), and characterizations. Combinations of these terms were then used in the searches. The names of specific materials were also used-such as titanium dioxide (TiO2), carbon nanotubes (CNTs), and silver (Ag)-to ensure the completeness of the search. Articles were screened and then retained if they fulfilled the following three conditions: 1) they at least partly addressed release associated with airborne ENMs; 2) their measurements were conducted in occupational settings (industrial or research facilities); 3) they comprised quantitative descriptions of ENM release scenarios, such as particle number or mass concentrations. All the collected articles were written in English..
Additional potentially relevant publications were identified using the related citations function, as suggested by the online databases when searching for specific items. This is usually a very efficient method for quickly identifying target articles.
The present review specifically assessed the release characteristics of different industrial and laboratory processes. This involved evaluating the completeness of the information in activity descriptions, especially the process parameters that influence release scenarios. It also looked at whether the information collected would allow a calculation of actual release rates, such as the sampling distance to source and ventilation rates. Finally, the review considered whether information on a material's properties and the quantities treated in a specific process were sufficiently detailed to inform us about the characteristics of released particles, including concentration and size distribution.
To ensure that the information extraction process was carried out in a systematic and repeatable manner, one person first coded all the information. Subsets of reference articles were then coded by several co-authors with the same coding rules. This control coding resulted in an almost perfect match.
Linking release to exposure: literature analysis

Literature identified in the review
The articles collected and reviewed are summarized in Table S1 (Supplementary information, SI) by year, type (research or industry), material and activity. The years of publication range from 2004 to 2016. This represents the period when nanotechnologies were developing rapidly, and there was increased reporting on issues regarding exposure to ENMs. Most of the studies focused on exposure assessments reporting contaminant concentrations in workplace air. Twenty-five percent of publications investigated laboratory activities, 63% looked at industrial processes, and the remaining 12% investigated both. A large part of this literature focused on exposure to carbonaceous materials, followed by various metals and metal oxides. In some cases, the information provided failed to indicate the material type. Activity types included synthesis, processing, handling, cleaning, machining, and others, during different phases of ENM lifecycles.
Information availability
We first assessed which of the elements considered as important for linking release to exposure-when developing exposure scenarios-were available in the articles selected. Figure 2 shows how available each of these elements of information was in the publications reviewed. It is divided into three sub-groups: contextual information, measurement strategy, and characterizations. Two different periods of publishing year were analyzed to assess whether the general situation as well as the information availability improved in recent years. The complete dataset can be found in the supplemental information (Table S2 ). In the full time period analyzed (2004-2016), types of engineering controls were frequently provided as contextual information. About two-thirds of the articles described the quantity of material being treated, and about a half indicated the PPE used. In contrast, only about a third of the papers specified the volume of the room involved and the frequency and duration of the activity (thus when there is potential for exposure). However, recently published literature (2011) (2012) (2013) (2014) (2015) (2016) showed better data availability, especially regarding PPE, level of contact and room volume.
As part of measurement strategies, at-source and area measurements were normally conducted for release and background characterizations. The sampling duration and distance to the source were usually given in the description of measurement methods. However, personal breathing-zone data were only available in about half of the publications. Again, the recent articles showed a large improvement in reporting personal sampling data, doubling the rate from 36% (2004-2010) to 73% (2011-2016).
For particle characterizations, most studies provided number-based concentration and size distributions by using direct reading instruments (>90%). In contrast, particle mass concentration and morphology analysis were less frequently reported (60-70%). About half of the literature performed analyses of the chemical composition of airborne ENM samples. Other physical and chemical properties-such as surface area, surface reactivity, and functionality-were less often or rarely characterized. Compared to earlier publications, the recent ones seemed to report more often on particle morphology (86%) and elemental composition (73%).
Due to readily available equipment and mature, established procedures, the characterization of particle number and mass concentrations were relatively easy to carry out. For other metrics, such as surface area and coating type, collecting suitable data might have been difficult due to a lack of reliable equipment for on-line or off-line analysis of these properties. The data suggests a remarkable improvement over the last five years on reporting of exposurerelevant contextual information and personal exposure data. This change may be attributed to improved access to advanced techniques, as well as to researchers' growing awareness of the importance of elements for conducting proper nanomaterial worker exposure assessment. Several calls among exposure assessment scientists for harmonization of exposure data collection, analysis, reporting as well as storage strategies have been made (Brouwer 2011 , Clark 2012 , to meet the needs for building up exposure scenarios, modeling and meta-analysis in risk assessment. 3.3 Activities and released materials
The industrial processes and laboratory activities identified were investigated for their potential to release airborne ENMs. They were grouped by the nature of the processes and activities and the types of particles identified in them. Collecting and sorting materials during production were the most commonly described activities, followed by physical and chemical synthesis processes. Other activities include ordinary handling of ENMs such as weighing, mixing and transferring, as well as cleaning and maintenance. Machining and mechanical processing of ENMs or ENMs-containing products (e.g., nanocomposites) as well as spraying operations also have high potentials to generate airborne dusts. The most frequently assessed groups of processes are further described in Table 1 . Identified ENM types categorised by activity type are shown in table 2. . Metals and their oxides, such as silver, titanium dioxide, silica, alumina, ceria and iron oxide, were commonly assessed. Carbonaceous materials, including CNTs (MWCNTs and SWCNTs), carbon black, carbon nanofibers and fullerenes were also among the most frequently investigated materials. A series of studies also described types of unexpectedly released particles, such as plastic materials generated from hot-sealing collection bags during packaging [19] and nanoscale particles emitted by forklifts in warehouses [6, [20] [21] [22] .
Activity type Examples from the literature review
Collecting and sorting during ENM productions Collecting end-product materials from chemical synthesis [23] ; batch collection by industrial cyclone [24] ; emptying and tipping powder materials from bucket to bucket [25] ; scooping spilt materials off a table [25] ; opening a furnace and transferring materials to vials [6] ; manually loading and unloading trays [6] ; dumping materials into a mixing tank [6] ; detaching and removing CNTs from growth substrate using a razor blade [26] ; sieving powders with a vibratory sieve shaker [27, 28] Physical & chemical synthesis Gas-phase production of metal-based nanoparticles [29] ; flame spray pyrolysis technique (FSP) [30, 31] ; induced coupled plasma with electric atomizer [32, 33] ; reaction collection [23] ; electric arc reaction [34] ; hot-wall reaction [19] ; combustion reaction [35] ; chemical vapor deposition (CVD) [26, [36] [37] [38] [39] ; water-assisted CVD [40] Weighing & mixing
Handling nanopowders in an exhaust hood [31] ; transferring from storage container to a balance [7] ; weighing inside a fume hood [41] ; mixing nanofibers with solvents [41] . mixing CNTs powders with polymer melt in an extrusion process [42] or during injection moulding [43, 44] Machining & abrasion Wet-sawing nanocomposites [6] ; cutting and winding coated substrate during electrospinning deposition onto a cellulose substrate [6] ; band-sawing nanocomposites [45] ; cutting composites using a water-cooled, dust-suppressed table saw [41] ; chopping extrude composites [41] ; fettling (removal of excess molding materials by sawing) [46] . dry cutting of reacted graphite deposit with a band saw [47] ; lathe machining of graphite rods for the reactor [47] Cleaning & maintenance Cleaning a pyrolysis system [31] ; cleaning an enclosure after laser ablation synthesis [25] ; vacuum cleaning an enclosure in High-Pressure CO Conversion [25] ; vacuum cleaning after creating and spray-drying slurries [6] ; reactor cleanout [6] ; cleaning/brushing down a plasma torch in a radiofrequency induction plasma reactor [6] ; cleaning-up spilled materials from dumping operations [48] ; Purge and prime slurry delivery system, load new slurry from bulk into day tanks [49] Others Spraying and filtration of CNT solutions [37] ; spraying solution onto a bulk absorbent [6] ; changing a spray dryer drum [6] ; spraying a suspension [9] ; flame-spraying for surface coating and modification [50] ; sonicating materials with different surface coatings in a hood [6] ; sonication in an unventilated enclosure [7] ; pelletizing and bagging products in a warehouse [51] ; purification and functionalization [47] integrating MWCNT powder in coatings, dispersions, and plastics [52] [43, 44] , carbon black [7] , nanofibers [31] , carbon nanofibers [6, 41] , fullerenes [6, 7] , carbon nanodiscs/carbon nanocones [28] ; Others: ceramic powders [31] .
Machining & abrasion
CNFs [6, 41] , Nylon 6 nanofiber [6] , alumina fiber [60] , MWCNT [60] , carbon fibers [60] .
Cleaning & maintenance
Metal/metal oxides: TiO2 [6] , Mn [6] , Ag [6] , Co [6] , Al [6] , Al2O3/SiO2/CeO2 [49] , Metal oxides (Ag,Cu,Co,Ni,Fe,Mn) [61] , metal oxides (Mn,Ag, Co) [62] ; Carbonaceous: Nanofibers [31] , SWCNT [25] , fullerenes [63] , carbon nanofibers [48] , Graphene [58] , nanoscale graphene platelets [56] .
Finishing** CeO2 [50], TiO2 [6] , silica-iron nanomaterial [6] , indium tin oxide [9] , ZnO [9] , SiO2 [58] ; Carbon black [23, 51] , MWCNT [37] .
Packing and bagging
Carbon black [20, 21, 51, 58] , Fullerenes [63] , CNFs [48] , MWCNT [28, 52] , carbon nanodiscs/nanocones [28] ; Si [19] , TiO2 [22] , SiO2 [58] , CaCO3 [21] . sonication Fullerenes [6, 7] , MWCNT [6, 7, 37] , carbon black [7] , Ag2O [58] , CeO2 [58] .
Testing Cadmium-zinc/selenide quantum dots [6] , Nylon 6 nanofiber [6] .
Ball milling MWCNT [36] .
Feeding Silver [64] .
Recycling SiO2/Al2O3/CeO2 [53] ; CNTs [43, 44] .
*Including incorporation into polymer matrix or coatings/dispersions/plastics. **Including drying, filtering and spraying. Table 2 Classification of the types of ENMs identified from the literature by activity type 3.4 Release or near field/workplace area particle characteristics When describing their release scenarios, most studies provided particle number and mass concentrations and at least some information about size distribution. Background measurements were frequently used as references. Table 3 presents the measurement results for airborne particle types, number concentrations, mean sizes and agglomeration state(additional information on particle mass concentrations are included in SI- Table S3 ). Number concentrations were reported in the size range 10 or < 10 nm -up to >32 μm, usually obtained by scanning mobility particle sizers or optical particle counters, and often presented as continuous curves showing concentration evolution (changes) over time.. For non-continuous actions, such as handling [37] and cleaning [25] , peak ranges were frequently used to document the release. Figure 4 ranks the near-source number concentrations and particle sizes by different production and handling activities.
Several studies investigated airborne ENM releases from laboratory sonication activities. The surface properties of sonicated materials seemed to strongly influence the release process. Sonication of raw MWCNTs in de-ionized water resulted in 2,200-2,800 particles/cm 3 below 1 µm in the air above the water bath, whereas the same procedure done with functionalized MWCNTs (hydroxyl group addition) resulted in only about one third of this value [6] . However, another study showed a higher release of functionalized CNTs (158 #/cm 3 ) in water containing natural organic matter, than normal CNTs (56 #/cm 3 ) in the same media [7] . Furthermore, sonicating carbon black led to five times more particles being released than sonicating fullerenes in de-ionized water. Lee et al. reported that fine particles between 120-300 nm were released (at 2-3 times the background level) during the ultrasonic dispersion of MWCNTs in a fume hood, which was differentiated from fugitive particles (< 100 nm) generated by other processes [37] .
Cleaning was an activity often associated with the release of airborne particles in large sizes. Cleaning a pyrolysis system prior to operation resulted in a 10-fold increase in the airborne mass concentration, but no distinct change in particle numbers [31] . Vacuum cleaning following the chemical synthesis of single-walled carbon nanotubes (SWCNTs) led to the release of very large microsized agglomerates into the air [65] . In another case, where vacuum cleaners without HEPA filters were used to clean up after the creation of titanium slurries during spray drying, 10-to 50-fold increases in number concentrations were measured for particles in the 300-1000 nm range [6] . In a cleanout activity following the gas-phase condensation manufacture of silver nanoparticles, five times more particles were measured in the 500-1000 nm range [6] . Similarly, cleaning the filter chamber and cyclone of a radiofrequency induction plasma reactor for aluminum production was associated with 15,580 p/cm 3 of air, with more than ten times more particles in the 300-1000 nm range [6] . Furthermore, sweeping up spilled materials from a dumping operation also slightly increased (<0.2 mg/m 3 ) the mass concentration of respirable particles [66] .
Industrial packaging and bagging activities often released large ENM particle agglomerates into the air. Kuhlbusch et al. reported a four-to eight-fold increase of PM10 mass concentrations, mostly for particles larger than 400 nm, during the bagging of carbon black [20] . In another study investigating the same material, the number concentration was elevated for particles > 100 nm [21] . During the removal of fullerenes from a storage tank, airborne particles larger than 1000 nm were identified [63] : the fullerenes existed mainly as aggregates and agglomerates in the air. TiO2 aerosols were found to be released at diameters up to 6.0 μm during packing [22] . Bagging carbon nanofiber end-products released 230-3,130 carbon nanofiber p/cm 3 of air [66] . Area sampling resulted in a 0.5-1.1 mg/m Physical and chemical synthesis were associated with potential releases of airborne ENM particles in smaller sizes. No significant release was observed in comparison to background levels during the experimental-scale production of nanofibers [31] , pyrolysis production of TiO2 [31] , CVD growth of CNTs [26] and MWCNTs [36] , and synthesis of Ag by mixing sodium citrate with silver nitrate [67] . In contrast, one study showed significant at-source releases from the CVD production of CNTs at sizes below 100 nm (probably carbonaceous by-products) and from 7-200 nm [68] ; using higher injection temperatures released more particles of reduced diameters (from 20-200 to 7-90 nm). Synthesis of TiO2 generated noticeable particle concentrations with a bimodal distribution (< 30 nm and 70-100 nm) [67] , whereas induced-coupled-plasma production of Ag resulted in significant releases in the 20-30 nm range. Flame synthesis of metal oxides registered particle emissions in the 112-185 nm and 24-29 nm ranges, depending on the materials produced. Process parameters, such as filter-to-flame distance, precursor-to-oxygen ratio, and flame numbers appeared to influence the release scenarios [30] . For industrial processes, the reaction-collection of carbon black and the electric arc reaction of other carbonaceous materials mostly released particles in the 10-100 nm range [23, 34] . Gas-phase production of metal-based nanoparticles resulted in submicron particle releases at modes in the 160-200 nm range [29] . In vapor grown synthesis of carbon nanofibers, the nanofibers were found to be the dominant source of elementary carbon, but iron-rich soot-like particles at 20 nm were also identified [39] . Combustion reaction processes were shown to emit particles smaller than 300 nm [35] . In all these studies, the mass concentrations measured were often low, which indicates that mainly small particles were released.
Machining and abrasion of nanocomposites were often shown to release matrix materials with embedded ENM fillers. Furthermore, the release mechanisms varied by process type, parameters, and matrix as well as the filler materials. Wet-sawing of carbon nanofiber composites showed high particle release in terms of mass but not in numbers [6, 69] . A dry process was associated with a much lower particle emission than a wet process using the same materials [60] . In wet treatments, it is likely that the detected nanoscale particles were primarily water droplets.
Comparing different materials, alumina fiber/CNT composites showed the least particle release, whereas alumina composites resulted in elevated particle generation. The thickness of the composite layer also affected particle release. No primary CNT structures or bundles were identified in the released particles.
Spraying process mostly led to high levels of airborne particles of very small sizes. In flame-spray processes used for coating and the surface modification of materials, the highest releases (160,000-210,000 p/cm 3 ) were seen during the active phases of the process (flame on, precursor on) [50]. The particle size distribution showed multiple modes in the 10-454 nm range. Changing spray dryer drum also released high airborne concentrations of spray materials [6] . One extreme case reported concentrations up to 18,000,000 p/cm 3 at 54 nm in the personal breathing zone [9] . Spraying suspensions and pyro silanization registered high releases in the 55-99 nm range.
Other sources of nanosized particles were reported for all types of activities. Forklift trucks were a common source of ultrafine particles (< 100 nm) in activities such as warehouse bagging and packaging of carbonaceous materials [20, 21, 70] and TiO2 pigment [22] . Vacuum cleaners were also found to release nanoscale particles [63] , especially when no HEPA filter was installed [6] . Other combustion sources, such as butane gas heaters [20] , gas-fired radiant heaters [66] , and hot-sealing plastic bags [19] , were also found to release very small particles. Additionally, a rotarytype oil vacuum pump was identified as a source of 300 nm particles [36] . Polymer fume condensate can release nanoparticles during nanocomposite manufacturing by extrusion processes [42, 44, 71] . The studies were able to distinguish these secondary releases of nanoscale particles by comparing the aerosol profiles (size and concentration) obtained with and without their potential sources. Although toxicological studies focus mostly on ENMs, it might be of equal importance to characterize the accidentally released nanoparticles in workplaces. Figure 4 . Near-source airborne ENM particle concentrations (left) and sizes (right) (modal size or estimation from transmission electron microscopy analysis) in workplaces, ranked by production and handling activities (data source: table 3). Results are shown for number concentration and for size. Activity type: ①Cleaning; ②Packing and bagging; ③Sonication; ④Weighing, mixing and transferring; ⑤Machining; ⑥Production; ⑦Spraying.
In most of the cases, released airborne ENMs were agglomerates or aggregates, often resulting in complex particle morphologies, such as loose, porous clusters of metal oxides particles [6] , densely packed Ag particles [72] , entangled CNFs [31, 69] , chain-like structures of CNTs [68] or in certain cases combining with other background particulate matters [42, 47] . Only one study reported individual Ag vapor condensate particles [73] . This finding is in line with the conlusions on released particle morphology from previous reviews on ENMs exposure at workplaces [15, 74, 75] .
The results from ENM release scenarios seemed to be largely determined by process energy. High energy processes such as synthesis, spraying, and machining released large amounts of airborne ENM particles in the nanometer range. Low energy processes including laboratory handling, packing and bagging on production lines, and cleaning usually resulted in slight or moderate increases in ENM particle concentrations in the air. The particles released by these processes were often large agglomerates with sizes up to several micrometers. Furthermore, release mechanisms were found to be influenced by process parameters, material properties, and environmental conditions. These included, for example, material quantities, ambient humidity [14] , and surface functionality [6] during material handling. Smaller quantities, hydrophilic surfaces, and higher humidity seemed to reduce particle concentrations. During sonication, the solubility of materials in the liquid media played an important role [7] . More soluble materials had lower chances of escaping from the solution and becoming airborne. During physical and chemical synthesis, reactor setup and process temperature both affected release levels [30] . Dynamic reaction processes and poor filtration resulted in higher ENM particle emissions. During the mechanical processing of nanocomposites, the filler type, its distribution in the matrix, and the treatment conditions (dry or wet) modified the release scenario [6, 60, 69] . Lower filler contents and humid atmospheres helped reduce particle emissions and personal exposure during processing. [6] MWCNT 14,700 57,000-157,800 10-1000 0.5-1 µm A.
[27] Nanodiamonds 4,600 ± 2,900 6,000-20,000 10-1000, 14-573 0.5 µm A.
[ [31] TiO2 7,000-20,000 22,000 5 nm to >32 µm 0.5-1 µm A.
*Agglomeration state: A.: agglomerated or aggregated, I.: individual nanoparticles. **Mean particle size was taken from the mode sizes in number size distributions or estimated from TEM/SEM images.
Emission rate calculations
Very few of the studies reviewed estimated ENM release rates for the processes that they investigated. Nevertheless, a few scenarios were identified where a rough estimation of release rates might be possible because approximate room size and air exchange information had been provided together with the process characteristics and ENM particle concentrations over time. In one laboratory study in which only basic mechanical ventilation was used, the rate of room air change (or air changes per hour, ACH) and the room's dimensions were given [60] . In this case, the release rate can be estimated by integrating particle concentrations over time and the volume flow rate of the air in the room. The average particle concentration in the room can be calculated from source or area measurements, taking into account aerosol transport and diffusion mechanisms (e.g., near-and far-field models). In another study, investigating a laboratory synthesis process, the room's ACH was known, and the ENM emission rate was estimated from the average particle concentration using a one-box model assuming homogeneously mixed room air [57] . On the other hand, if natural ventilation is used [22, 32, 48] , such as windows and doors, the room's ACH can be estimated from the ambient environmental conditions (e.g., wind speed, open surface area) assuming normal conditions as described in technical manuals, such as the EPA Exposure Factors Handbook (EPA 2011) or other literature [77, 78] .
Measurement strategy
The selected studies were also analyzed with regard to the types of measurement devices used, their detection limits, and the size range they could give information about for specific scenarios. Scanning mobility particle sizers (SMPS) were the most frequently used equipment for measuring particle numbers and size distributions below 1 µm. A Nano-SMPS is sometimes used to obtain more information about the sizes below 100 nm [25] . Other frequently used devices were: the fast mobility particle sizer (FMPS), which was found to be particularly useful in environments with rapidly changing particle concentrations [22, 45] ; optical devices such as the aerodynamic particle sizer (APS, size range up to 32 µm) were used for micro-sized particles [20, 31] ; and filters were often used to collect airborne samples in order to assess mass concentrations gravimetrically [6, 36, 64] . A few studies also assessed the surface area of particles [19, 45, 70] . Morphological and elemental analyses were mostly done using electron microscopes [6, 38, 54, 69] .
Sampling locations were assessed in order to understand whether source or near-field measurements had been carried out and whether personal breathing zone concentrations -which could provide information about particle transmission from sources to receptors -had been measured. The review showed that source sampling had normally been conducted as close as possible to the potential emission points. For handling nanopowders under fume hoods, the distance was in the centimeter range [9, 14] . For flame and flame-spray production, the measurement position was in several tens of centimeters range or at the nearest opening [19, 34, 50, 62] . For largescale manufacturing and processing activities, typical sampling locations were a few meters away from the suspected emission sources [6, 20, 21, 32, 36, 63] . Personal exposure characterization was usually conducted near workers [25, 31] , sometimes even next to their noses [14] , whereas others measured working positions near the assumed breathing zone of sitting or standing workers [29, 34, 38, 51, 57] . Filter samplers were mostly clipped to workers' collars, and personal nephelometers were attached to their belts [64] . Area sampling was used either as a background reference or to estimate the general exposure levels in working areas. Background reference levels were collected in production areas away from the immediate vicinity of the processes [6, 7, 14, 34, 38] , or even outdoors [39] . In order to monitor air quality in normal working areas, near field (2.5 m) and far field (7.8 m) concentrations were measured [57] . Maintenance areas and conference rooms were sometimes monitored as well [39] .
ENM production capacities and quantities handled
The quantities of ENMs being handled varied from a few milligrams to many tons per year. Table 2 gives an overview on the quantities involved in nanomaterial production and handling in research laboratories and in industry. The production of metals and metal oxides in research laboratories was mostly in the range of grams to kilograms.
For carbonaceous materials (CNTs, carbon nanofibers, carbon nanopearls), production was often limited to just a few milligrams. In contrast, mass production by industrial manufacturers often ranged from kilograms per batch to tons per year. In research environments, the amounts of materials handled were also significantly lower than those in large-scale production facilities. The quantities treated were usually in the milligram range for activities such as weighing [6] and sonication [7] . For common materials, e.g., alumina powder, up to hundreds of grams could be handled for different purposes [14] . In industrial settings, normal handling activities such as end-product collection, packaging, and bagging of materials were in the same ranges as those seen for the manufacture of these nanomaterials. The largest quantities of novel nanomaterials were reported for titanium dioxide powders, which were processed in kilograms per minutes [24] and bagged in 25-800 kg batches [22] . Traditional materials subject to huge demand, such as CaCO3 and carbon black, could be handled in quantities as much as 60 tons per day [21] . Table 4 . Information on ENM production capacities and amounts handled, from the literature 3.8 Ventilation and personal protective equipment (PPE) Engineering control systems and PPE play important roles in preventing or reducing personal exposure to hazardous substances in workplaces. The engineering controls described in the reviewed literature can be broadly grouped into four categories: a. Laboratory fume hoods b. Local exhaust ventilation (LEV) systems c. Process-specific enclosures d. General/centralized ventilation and natural ventilation Typical PPE includes laboratory clothes, a full-body protection suit, glasses, gloves, and a mask.
Laboratory fume hoods were commonly used when handling small quantities of potentially hazardous materials for activities such as weighing, mixing, transferring [41] , sonication [37] , and creating solutions [6] . They were also used for experimental-scale physical [34] and chemical synthesis [14, 32, 38, 57] . The design and use of laboratory hoods greatly influences their effectiveness at removing released particles: constant velocity hoods were found to work best during the pouring and transferring of nanopowders, followed by bypass (compensating) hoods, and then conventional hood [14] .
LEV systems were often employed in industrial environments for controlling particle concentrations at their sources, such as furnaces [64] , bagging machines, production lines [9] , and during reactor cleanout processes [62] . The efficiency of LEV has been described. While cleaning up after a gas phase condensation of silver, particle release in the 500-1000 nm size range increased by five times. When a LEV system was used, the particle concentration fell to the background level [6] . During another cleaning process involving nanoscale metal catalytic materials, a properly maintained LEV system was shown to reduce particle mass concentration by 75% to 96% (mean: 88%), with a similar efficiency for number concentrations [62] .
Enclosures of both small and large volumes were seen in fixed installations. These included a ventilated chamber for the electrospinning deposition of nanofibers [6] , a positive-pressure glove box during the synthesis and manipulation of quantum dots [6] , and a ventilated chamber for spraying a solution, followed by fiberization of absorbent material [6] . Distinct differences in particle concentrations were observed inside and outside such enclosures. One aerosol enclosure chamber significantly reduced particle concentrations during the collection of end products using an industrial cyclone [24] . Enclosing and ventilating the furnace during the production of multi-walled carbon nanotubes (MWCNTs) using chemical vapor deposition (CVD), minimized workers' exposure down to nondetectable levels [36] . In a spraying process, particle emission was shown to be much lower outside the spray enclosure than inside [6] . During flame spraying, average particle number and mass concentrations were 6-46 and 5 times lower, respectively, when a protective enclosure was installed [50] . Discussions on the efficiency of engineering controls can also be found in other studies [23, 35, 36, 67] .
Centralized mechanical ventilation and natural ventilation have both been used in large-volume workplaces-such as warehouses and manufacturing areas-in order to help reduce particle concentrations. Rooftop exhaust fans were often seen above production lines [62] where large-scale processing activities such as drying [6] , milling, spraying and blending [36] , bagging, and packaging [19, 63] were taking place.
PPE was commonly used during material synthesis [62] and handling [37] , cleaning, and the mechanical treatment of nanocomposites [6] . The equipment types included gloves, wrist-to-elbow cotton arm covers, full-body Tyvek suits, and full-face positive-pressure airline respirators [62] , skin protection, half masks [37] , shoe covers, and particulate respirators [6] . In a study of how well 3M FFP2/FFP3 and dräger 680 (FFP3) masks filtered 200 nm metal-based nanoparticles resulting from gas-phase production, they retained between 96.66% (FFP2) and 99.99% (dräger) of the number concentration of particles, respectively, under production conditions [29] .
Limitations of the literature to date and suggestions for improvements
This review found that ENM release characteristics could be grouped by activity type. Process characteristics, such as energy input and system parameters, influenced release levels. The information derived from this analysis provides a good qualitative understanding of the release mechanisms from different activities and processes. However, quantitative determinations of release and exposure remain difficult to achieve. This could be significantly improved by collecting and providing sufficient contextual information.
The literature reviewed in this study contained various types of ENMs in both industrial and laboratory settings. This enabled us to establish a preliminary ranking for nanoparticle release potentials, which could, for example, be used to define priorities for ENM release and occupational exposure assessments. It could also become a guide for the definition of precautionary measures. In our review, release levels and characteristics were comparable within the different types of defined groups of processes; they seemed to be linked to the energy levels associated. Understanding the relationships between specific process parameters and release levels-such as system setups, reaction temperatures, environmental humidity, and material properties-could help to prevent significant releases through safe-by-design approaches. Morphological analyses showed that most of the ENM particles released were in an agglomerated state, which is important to bear in mind for an understanding of their potential impacts on human health. However, it is possible that these agglomerates are later broken up into smaller or primary nanoparticles. Studies have shown a possibility for the deagglomeration for nanoparticle agglomerates in the human respiratory system [79, 80] , or when the particles are subject to external forces [81] [82] [83] . Therefore, in the future, information about the stability of nanoparticle agglomerates may be needed, together with the size information, when characterizing human exposure to ENMs and the risks associated.
Most of the studies assessed focused on the characterization of the released particles' properties close to their source. Only a few of them also provided relevant contextual information for estimating short-term and long-term personal exposure. Missing information often included the properties and amounts of raw materials handled; this would provide information about the material's dustiness and the maximum possible release levels in subsequent exposure estimations. Furthermore, there was little information available that would allow estimations of exposure duration and frequency (e.g., hours/day, days/month, months/year)-data needed to estimate the total exposure dose and its effects of accumulating exposure over the long run. Unfortunately, information useful for an understanding of release was often missing. For example, information on the volume of the workplace, which provides the basis for simulating the potential distribution behavior of released aerosol particles. The same information would permit an estimation of exposure levels in general working areas, which are not often measured. Encouragingly, literature published in recent years seem to start filling these gaps. Clark et al. [2] made a detailed discussion of the limitations of data reporting in exposure assessments and gave recommendations for future methodological improvements. We also recommend that release studies include the collection of exposure-relevant data so that they can have an even better impact and contribution to our understanding of exposure to airborne ENMs.
One significant limitation of the literature to date on airborne ENM release is that it has rarely provided either particle release rates or the contextual data that would allow an estimation of those rates. Most studies only provided near-source concentrations together with sampling distances. Few provided proxies for the near-field flow rate, such as the ventilation rates of local exhaust controls. Thus, the particle concentrations reported in this review are merely indicative of the release potential of the various processes analyzed: they cannot be interpreted mechanistically as actual release levels. Use of a harmonized data collection strategy in future studies may facilitate the assessment of the real release rates of the processes concerned. There is also an opportunity to develop better data collection methods in measurement campaigns. For example, personal exposure levels (breathing zone) could be assessed, as recent studies attempt to inform more frequently on this parameter. This information would allow a validation of models that estimate workers' exposure doses from the source concentration and include physical and contextual parameters. Only a few studies have included data collection that has improved our understanding of particle transmission and dispersion in real world situations, although this would be useful for constructing particle distribution maps.
Another important limitation-one that is relevant to regulators and risk managers-is that the literature reviewed mainly covered the production and use phases of ENM lifecycles. So far there was limited information available on the end-of-life treatment of ENMs. However, these release and exposure scenarios are also important for making an overall risk assessment of ENMs. More recently published studies have started to address this data gap. For example, Massari et al. [84] looked at the behavior of TiO2 nanoparticles during the incineration of solid paint waste. Walser et al. studied the behavior of CeO2 nanoparticles during waste incineration [85, 86] . Gottschalk et al. modeled CNTs release during waste incineration [87, 88] . Reijnders discussed safety issues during the recycling of materials containing persistent inorganic and carbon nanoparticles [89] . Vejerano et al. studied the fate of different nanomaterials during incineration and its effects on the properties of the released particles [90] . Several studies investigated the combustion products of nano-enabled composites [91] [92] [93] . Such information allows the current gaps in knowledge to be filled and will complete the data needed for doing risk assessments of ENMs throughout their lifecycles.
A preliminary ranking of the release potential for airborne ENMs could be used to develop a tiered approach to release assessment, resembling the concern-driven approaches used in exposure, hazard, and risk assessments [94] .
The first step would be a qualitative assessment of the concern levels for specific processes from read-across, by assessing the possibilities for significant exposure and hazard. The second step could then be a quantitative evaluation (e.g., concentration, size, or chemical composition) of field measurements or laboratory simulations. The third step could be a systematic and comprehensive characterization of airborne ENM release scenarios from a process, using different conditions and parameters. This approach would allow the identification of the most critical or at-risk occupational activities in a cost-effective manner.
